Original antigenic sin is a phenomenon wherein sequential exposure to closely related influenza virus variants reduces antibody (Ab) response to novel antigenic determinants in the second strain and, consequently, impairs the development of immune memory. This could pose a risk to the development of immune memory in persons previously infected with or vaccinated against influenza. Here, we explored strategies to overcome original antigenic sin responses in mice sequentially exposed to two closely related hemagglutinin 1 neuraminidase 1 (H1N1) influenza strains A/PR/8/ 34 and A/FM/1/47. We found that dendritic cell-activating adjuvants [Bordetella pertussis toxin (PT) or CpG ODN or a squalenebased oil-in-water nanoemulsion (NE)], upon administration during the second viral exposure, completely protected mice from a lethal challenge and enhanced neutralizing-Ab titers against the second virus. Interestingly, PT and NE adjuvants when administered during the first immunization even prevented original antigenic sin in subsequent immunization without any adjuvants. As an alternative to using adjuvants, we also found that repeated immunization with the second viral strain relieved the effects of original antigenic sin. Taken together, our studies provide at least three ways of overcoming original antigenic sin.
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cross-reactivity | antigen presentation | memory T-cell activation O riginal antigenic sin, first described in 1953 by Thomas Francis (1) , is the phenomenon in which sequential exposure to viral variants induces preferential Ab response to a virus strain encountered in the past. As a result, the response to the current strain is diminished. Over the past five decades, original antigenic sin has been observed in humans, as well as other mammals such as mice, ferrets, and rabbits (2) (3) (4) (5) . This phenomenon could pose a cause for concern in the context of human immune responses to influenza vaccination programs. Hence, there is a need to develop strategies to overcome original antigenic sin.
Interestingly, original antigenic sin is reminiscent of an immunological phenomenon called carrier-mediated hapten suppression, first described by Herzenberg and colleagues in 1980 (6) . They showed that in mice previously exposed to the carrier protein, keyhole limpet hemocyanin (KLH), a second immunization with hapten (dinitrophenyl)-conjugated KLH leads to selective suppression of Ab response to the hapten (6) . This selective suppression is not unique to murine models of haptencarrier systems. Human volunteers previously vaccinated with tetanus and later receiving a vaccine consisting of malaria sporozoite peptide conjugated to tetanus showed suppression of the antimalaria response (7) . The precise mechanism of this epitopic suppression remained enigmatic until studies in 1998, Moser and colleagues provided significant insight into the cellular basis of carrier-mediated hapten suppression (8) . They showed that the hapten-specific Ab response improved upon injection with dendritic cells (DCs) pulsed with hapten-carrier plus IL-12 during secondary immunization. They concluded that activating DCs and forcing a T-helper (Th)1 response could overcome carriermediated hapten-specific suppression.
Mature activated DCs serve as a link between the innate and adaptive arms of the immune system, and this process can be facilitated by several bacterial components (9, 10) . Of these bacterial products, killed Bordetella pertussis is a potent adjuvant (11) , and its components including B. pertussis toxin (PT) and B. pertussis endotoxin (LPS) have been shown to block or reverse carrier-mediated hapten suppression (12, 13) . Specifically, PT stimulates DCs to up-regulate MHC class II and costimulatory molecules [cluster of differentiation (CD)80, CD86, CD40, and dendritic and epithelial cell (DEC)205] to produce IL-12 and TNF-α and to up-regulate phosphorylation of ERK (14) . This overall DC activation by PT elicits a Th1 response by promoting T cells to produce IFN-γ. Bacterial DNA containing unmethylated CpG-dinucleotide is also a strong adjuvant for Th1 response and cytotoxic T-cell responses (15, 16) . Similar to PT, the effect of CpG in promoting Th1-like immune responses (17, 18) is a result of DC maturation leading to up-regulation of MHC class II, B7, and CD40 molecules on the DC surface and production of IL-12, IL-6, and TNF-α (19) . Therefore, the mechanism of action for both adjuvants is attributed to potent activation of DCs.
For human application of adjuvants, proven record of safety and efficacy is critical. Despite potent DC activation and the ability to relieve hapten suppression, PT or CpG is not suitable for the clinical application because of safety concerns. For this reason, squalene-based oil-in-water nanoemulsion (NE) represents more suitable adjuvants for human application. So far, two NE adjuvants, MF59 and AS03, have been approved for human use in Europe but not in the United States. Although the exact mechanisms of the action remain unclear, studies show that NE similarly enhances innate immunity by recruiting DCs to the site of injection and by promoting cytokine production (20, 21) . Several clinical studies have shown that NE enhances immunogenicity of inactivated influenza vaccines while being well tolerated by recipients (22) (23) (24) (25) . Because NE also induces crossreactivity against heterosubtypic strains of influenza virus (23, 24) , it is of clinical importance to test whether this adjuvant can overcome/reduce original antigenic sin.
The purpose of this study was to develop strategies to overcome original antigenic sin responses to influenza viruses. Noting the similarities between original antigenic sin and carrier-mediated hapten suppression, we hypothesized that administration of DC-activating adjuvants could relieve original antigenic sin. Using the mouse model that we have established recently (26) , here, we show that coadministration of adjuvants PT or CpG or a squalene-based NE during sequential exposure to two closely related hemagglutinin 1 neuraminidase 1 (H1N1) influenza strains, A/Puerto Rico/8/34 (PR8) and A/Fort Monmouth/1/47 (FM1), overcame original antigenic sin. This was evidenced by either undetectable or reduced lung viral titers following a lethal challenge with FM1. This was attributable to the activation of IFN-γ-producing memory CD4 and CD8 T cells and higher neutralizing-Ab titers against FM1. Interestingly, both PT and NE, but not CpG, when administered during the primary exposure, prevented the induction of original antigenic sin to the variant virus. Finally, we show that original antigenic sin can be overcome with a booster immunization with the same dose of the second influenza virus, FM1, without any adjuvant.
Results
Recently, we have shown that sequential exposure to antigenically related viruses induces varying degrees of original antigenic sin (26) . As a result, the development of memory responses in the host is compromised, and, consequentially, the host fails to efficiently clear the virus upon a lethal challenge (26) . In this study, we tested whether adjuvants could reduce or prevent the induction of original antigenic sin. Because PT is known to prevent the induction of carrier-mediated hapten suppression by activating DCs (12, 13), we administered PT during sequential viral exposure and then assessed the development of protective immunity. We also included CpG, which induces DC maturation in a manner similar to PT (19) .
First, we tested the effect of PT and CpG in sequentially immunized mice. Mice were first immunized with 1,400 HA units (HAU) of whole-inactivated PR8 and then with 1,400 HAU FM1 a month later. A control group of mice received PBS first and, a month later, were immunized with FM1 (immune control). Adjuvant groups received 250 ng of PT or 50 μg of CpG during FM1 immunization. A month after FM1 immunization, we challenged the mice with 100× LD 50 of live mouse-adapted FM1. We also set up naïve control that received PBS only. Four days following challenge, we harvested their lungs and assessed the lung viral titers by plaque assay (Fig. 1A) . Whereas FM1 immunization (immune control) significantly reduced lung viral titers (7 × 10 2 pfu/mL) compared with naïve mice (5 × 10 7 pfu/ mL), sequentially immunized mice had significantly higher lung viral titers (3 × 10 4 pfu/mL) than the immune control mice. This suggests that original antigenic sin compromised the establishment of immune memory. In sharp contrast, adjuvant groups had undetectable lung viral titers, indicating complete protection on day 4 from lethal challenge. These data demonstrate that PT or CpG overcomes original antigenic sin during sequential immunization with variant influenza viruses.
Next, we tested the effect of PT and CpG during sequentially infection (Fig. 1B) . We sequentially infected the mice with 0.1× LD 50 of mouse-adapted PR8 and then FM1 virus with or without adjuvants. We then challenged the mice and assessed the development of immune memory as described in Fig. 1A . A single FM1 infection provided a sterilizing immunity (immune control), whereas sequentially infected mice had significantly higher level of lung viral titers (10 4 pfu/mL). This indicates that sequential infection severely diminishes the memory development against the second virus. In striking contrast, administration of PT or CpG during FM1 infection resulted in undetectable lung viral titers. This demonstrates that adjuvants aided in conferring a sterilizing immunity to sequentially infected mice. Taken together, these data suggest that the both PT and CpG adjuvants improved the protective immunity in mice sequentially immunized or infected with antigenically related viruses. Therefore, a deficit in memory development caused by original antigenic sin can be overcome using adjuvants.
Preexisting neutralizing Abs provide immediate protection against an infection. We, therefore, tested whether the adjuvants improved the protection (Fig.1 ) by increasing the neutralizing-Ab titers in these mice using sera collected at different time points ( Fig. 2 A and B) . Following sequential immunization, the induction of original antigenic sin was minimal as reported previously (26): PR8 vs. FM1 titers were generally comparable except on day 14, and FM1 titers in these mice were comparable to those of the control group ( Fig.2A) . However, administration of PT or CpG gradually enhanced the FM1 titers through day 14, resulting in comparable PR8 vs. FM1 titers at day 28 after FM1 immunization. In addition, the FM1 titers in these mice were even higher than those of the control group. Adjuvants also significantly increased hemagglutination inhibition (HAI) titers against FM1 (Fig. S1A) . Following sequential infection, the induction of original antigenic sin was profound, as reported previously (Fig.  2B ) (26) : FM1 titers were significantly lower than the PR8 titers, as well as FM1 titers of the control group, at all time points (Fig.  2B) . Injection of adjuvants during FM1 infection increased the FM1 titers marginally, but, overall, these titers did not reach the level of the FM1 titers of the control group. Adjuvants also marginally increased FM1-HAI titers but not at a comparable level to the control group (Fig. S1B) . Collectively, our data show that adjuvants can enhance the neutralizing-Ab titers against the second virus following sequential immunization or infection.
Our data demonstrate that adjuvants administered during the secondary viral exposure reduces original antigenic sin and enhances immune memory ( Figs. 1 and 2 ). Next, we tested whether original antigenic sin can be prevented by administering adjuvants during the primary exposure. Mice were immunized with 1,400 HAU PR8 with or without adjuvants and then with FM1 a month later. We then challenged the mice and assessed the protective immunity a month later (Fig. 3A) . Sequentially immunized mice had significantly higher viral titers (3 × 10 4 pfu/ mL) than the FM1-immune control group (7 × 10 2 pfu/mL) following challenge. However, PT-injected mice during PR8 immunization had no detectable level of virus, indicating an establishment of cross-reactivity during the primary immunization. The reduction in viral load by CpG was not statistically significant (P = 0.09). Altogether, these data indicate that original antigenic sin can be prevented by administering PT but not CpG during the first immunization.
We also measured the serum neutralizing-Ab titers from these mice as described in Fig. 2 (Fig. 3B) . Administration of adjuvants with PR8 did not significantly increase PR8 titers before FM1 immunization (Fig. 3B) . Upon FM1 immunization, PT-injected mice enhanced the FM1 titer both at days 7 and 14, resulting in higher FM1 titers than the control group. On the other hand, CpG-injected mice enhanced the FM1 titer only at day 14, while decreasing it at other time points. This may explain the reduced protection in CpG-adjuvanted mice following a lethal challenge (Fig. 3A) . We observed similar response in HAI titers, such that PT injection, but not CpG, during the PR8 immunization enhanced FM1-HAI titers (Fig. S2) . Taken together, our observations suggest that certain adjuvants can be administered during primary immunization to enhance the Ab titers against the second virus without further need for adjuvants.
Our observations indicate that PT induced better protective immunity in sequentially immunized mice. Whereas high levels of neutralizing Abs are critical for preventing infection, cellular immunity is important for vial clearance. Here, we tested the extent to which PT and CpG induced antigen (Ag)-specific memory T-cell activation. Briefly, we immunized BALB/c mice with PR8 with or without adjuvants and, a month later, harvested the spleens and stimulated cells with a pool of PR8-specific MHC class I or MHC class II-restricted immunodominant peptides. We then assessed the frequency of IFN-γ or IL-4-secreting T cells by ELISPOT assay (Fig. 4 A and B) . Positive and negative control cells were stimulated with phytohemagglutinin (PHA) and ovalbumin peptides (OTI or OTII) respectively. Both adjuvants significantly increased the frequency of IFN-γ-producing CD4 and CD8 T cells compared with PR8-immune mice, whereas PBS control mice had a negligible level of IFN-γ-producing T cells (Fig. 4A) . In contrast, only PT significantly increased the numbers of IL-4-producing CD4 and CD8 T cells (Fig. 4B) . Therefore, PT activated virus-specific IFN-γ-and IL-4-producing T cells, whereas CpG activated only IFN-γ-producing T cells.
Our data so far show that original antigenic sin can be overcome using DC-activating adjuvants either during the primary or Fig. 2 . Coadministration of adjuvants PT or CpG during second exposure enhances neutralizing-Ab response against second virus. Serum samples were collected from BALB/c mice described in Fig.1 and neutralizing-Ab titers were measured using freshly grown PR8 and FM1 viruses in MDCK cells. Open vs. filled bars represent PR8 vs. FM titers. Error bars represent SEM. Data are representative of two to three separate experiments. Asterisks indicate significance between anti-PR8 vs. anti-FM1 titers. *P < 0.05; **P < 0.02; ***P < 0.001. secondary viral exposure. However, these adjuvants are not applicable to human influenza vaccination. Therefore, we tested whether the squalene-based NE can reduce original antigenic sin in our mouse model. First, we tested whether the NE can improve the memory development during sequential immunization in mice. Whole inactivated viruses were mixed with the NE at a 1:1 ratio before administration into mice. We then lethally challenged these mice and assessed the protective immunity as described previously (Fig. 5A ). Sequentially immunized mice had an elevated level of viral titers compared with the immune control mice, although this difference was not statistically significant (P = 0.1). On the other hand, seven of eight mice that received adjuvanted FM1 and seven of nine mice that received adjuvanted PR8 completely cleared FM1 virus. This shows that addition of NE adjuvant to whole influenza virus enhances the memory response against the second virus and that the adjuvant can be added into either primary or secondary exposure. Next, we determined whether the enhanced recall response was mediated by increased FM1 neutralizing-Ab titers (Fig. 5B) . Consistent with the reduced viral titers (Fig. 5A) , addition of the NE during either primary or secondary vaccination increased FM1 titers up to day 28 following FM1 vaccination. Collectively, our data show that the NE can be used with influenza vaccine to overcome original antigenic sin.
Next, as an alternative to the use of adjuvants, we determined whether original antigenic sin could be minimized by booster immunization with second virus. We sequentially immunized mice with: (i) HA-encoding DNA vaccines (2 μg PR8-HA then FM1-HA) using a gene gun; or (ii) inactivated influenza viruses (1,400 HAU PR8 then FM1). We then boosted these mice with the same dose of FM1 Ag one month later. We collected serum samples at different time points and determined the neutralization titers (Fig. 6) . The FM1 boost significantly increased FM1 titers at days 7 and 14 ( Fig. 6 A and B) , resulting in either higher (Fig. 6A) or comparable (Fig. 6B) FM1 titers than PR8 titers. In addition, this increase in FM1 titers resulted in higher level of FM1 titers than the control group at day 28 following booster immunization. We also observed a similar response by HAI titer estimation (Fig. S3 A and B) . Collectively, these data demonstrate that expanding memory cells by repeated exposure can overcome the effects of original antigenic sin in this mouse model.
Discussion
The phenomenon of original antigenic sin in immune responses to influenza has been documented in humans, as well as in animal models (1-5, 27-29) . Although the risk of original antigenic 5 . Oil-in-water emulsion adjuvant diminishes the induction of original antigenic sin. BALB/c mice (5-10 mice/group) were sequentially immunized (i. m.) with 1,400 HAU PR8 or PBS, and then with FM1. For adjuvantation of vaccine, inactivated PR8 or FM1 virus was mixed with oil-in-water emulsion at a 1:1 ratio immediately before injection. The mice were lethally challenged and lung viral titers were measured as in Fig.1A . The neutralization titers were measured using serum samples collected at time points shown (B). Open and filled bars represent PR8 vs. FM1 titers. NE stands for nanoemulsion. Asterisks indicate significance between anti-PR8 vs. anti-FM1 titers. *P < 0.05; **P < 0.02; ***P < 0.001.
sin associated with annual influenza vaccination remains, the development of strategies to prevent or minimize original antigenic sin has not been widely studied. In this paper, we show that original antigenic sin responses to influenza viruses can be minimized or prevented. This was accomplished by administering adjuvants during secondary or primary exposure or by booster immunization with the second virus.
Adjuvants enhance immune responses. In mice sequentially exposed to PR8 and FM1, we observed that administering PT or CpG or NE during FM1 exposure improved the protective immunity against FM1 and augmented the FM1 neutralizing-Ab titers (Figs. 1, 2, and 5) . Surprisingly, we could achieve the same results by administering PT or NE once during PR8 immunization with no further need for adjuvants in subsequent immunizations (Figs. 3 and 5) . Similar observations were documented in carriermediated hapten suppression model, wherein injection of killed B. pertussis during KLH priming enhanced NP-specific Ab production (12) . Similarly, injection of pertussis vaccine or purified B.
pertussis toxin or endotoxin during priming with tetanus toxoid blocked the epitopic suppression in a synthetic vaccine model (13) . These studies indicate that injection of certain adjuvants during first immunization enhances cross-reactivity, leading to increased Ab production against the second related Ag.
Our current findings demonstrate that adjuvants relieve original antigenic sin by inducing cross-reactive memory B cells. Clinical studies using NE adjuvants for influenza vaccines support this idea. Individuals primed with MF59-adjuvanted H5N3 vaccine, compared with unprimed subjects, induce more Abs against distant heterologous strain, H5N1 (23) . In addition, infant and young children vaccinated with MF59-adjuvanted seasonal influenza vaccine induce more seroprotective Ab titers against heterologous H1 and H3 Ags compared with unadjuvanted groups (24) . The duration of Ab response following MF59-adjuvanted vaccine is also longer than that of unadjuvanted vaccine (24, 25) . Therefore, NEadjuvanted vaccines can be used to potentiate the vaccine efficacy and to broaden the spectrum of Ab responses. This feature is important for immunocompromised population, such as patients with chronic infections, older adults and infants/young children who are at risk for postinfluenza complications (30) . Collectively, our findings imply that original antigenic sin could potentially be prevented in the naive human population, especially children, by administering adjuvants with the first influenza vaccine. Alternatively, in the older population with prior influenza virus exposure or vaccinations, original antigenic sin can be minimized by using adjuvants.
The exact mechanisms of original antigenic sin remain elusive. The administration of adjuvants may shift Ag presentation from memory B cells to DCs and enhance cellular immune response. Both PT and CpG promote maturation of DCs, induce them to produce cytokines including IL-12 and IFN-γ, and enhance Ag presentation (14, 17, 19, 32) . The mechanism by which NE enhances immunogenicity is not completely understood, but available data suggest that MF59 triggers a local inflammatory environment by engaging muscle cells at the injection site, which then indirectly activates DCs (20) . Regardless of the direct effect on DCs, activation of DCs could shift Ag presentation away from memory B cell to DCs, resulting in more recruitment of FM1-specific naïve B cells into the response. Thus, DC participation may be crucial in overcoming antigenic sin. Experiments to test this hypothesis are currently in progress.
Immediate neutralization of virus is mediated by preexisting neutralizing Abs (33) . However, cellular immunity including Agspecific CD8 T cells is critical in viral clearance (34, 35) . In accordance with this, we observed that adjuvants significantly enhanced virus-specific CD8 and CD4 T-cell responses (Fig. 4 ). Our data demonstrate that mice receiving PT or CpG either during primary or secondary exposure showed enhanced or complete protection from a lethal challenge (Figs. 1 and 3A) . This is attributable not only to enhanced Ab titers against FM1 (Figs. 2 and 3B) but also to activation of IFN-γ-and IL-4-producing memory CD8 T cells (Fig. 4) . Thus, it is conceivable that adjuvants, through the activation of DCs, may enhance cytotoxic effects of memory CD8 T cells to accelerate the clearance of virus, while activating IFN-γ-producing CD4 T cells to aid in the neutralizing-Ab responses. Interestingly, PT yielded higher numbers of IL-4-producing CD4 T cells than CpG (Fig.4B) , and this may explain why mice given PT during the first exposure developed better protective responses than the CpG group (Fig. 3A) . Finally, our findings present a third strategy to overcome original antigenic sin. Repeated immunization with the second viral strain induced robust responses to the second virus (Fig. 6) . In mice sequentially immunized with either DNA vaccines or whole inactivated viruses, boosting animals with same dose of FM1 at the memory phase significantly enhanced the Ab titers against FM1 (Fig. 6) . Thus, reexposure facilitates the development of the memory pool and protective immunity against the variant strain. This may occur through the selective activation of FM1-specific B cells generated during the secondary exposure.
With annual influenza vaccinations, the threat of original antigenic sin looms especially with related influenza viruses. Our current study provides strategies to prevent or minimize original antigenic sin by either using adjuvants or by booster immunizations. Although these approaches offer some clues into the mechanisms of original antigenic sin, the integrated molecular mechanisms that induce original antigenic sin await much more elaborate studies.
Methods
Mice, Immunizations, Infection, and Serum Collection. BALB/c mice were used for the study. Housing, anesthetization, immunization, or infection of mice, serum collection, and treatment were performed as described (26) . All animal studies were performed with the approval of the Emory University Institutional Animal Care and Use Committee.
Cells, Viruses, and HA-Encoding DNA Vaccines. Madin-Darby canine kidney (MDCK) cells, DNA vaccines, and PR8 and FM1 viruses were described previously (26) .
Adjuvants. B. pertussis toxin and DNA containing unmethylated CpG-dinucleotide were purchased from List Biological and Operon, respectively. NE was made at the Centers for Disease Control and Prevention (CDC) in Atlanta, GA. This adjuvant is composed of a water phase (PBS, Tween 80) and oil phase (Squalene with or without α-tocopherol) at a 4:1 ratio. The nanoemulsion was prepared by passing the mixture through M-110 PMicrofluidizer (Microfluidics) under a pressure of 18,000 psi. The size of nanoemulsion particles was determined by dynamic light scattering technique (DynaPro Plate Reader; Wyatt Technology). The average particle size of the emulsion ranges from 100-110 nM. For adjuvanted vaccine, whole inactivated influenza virus was mixed with the NE at a 1:1 ratio before immunization of mice.
Influenza Virus Microneutralization, HAI Assay. Treatment of sera followed by microneutralization or HAI assay were done as described previously (26) .
Plaque Assay. Viral titers in lung lysates were assessed using plaque assay as described (26) .
T-Cell ELISPOT. ELISPOT for IFN-γ, IL-4 was performed as described (36) . For T-cell stimulation, a pool of H-2 d -restricted class I HA and NA peptides (IYSTVASSL, TYQRTRALVRTGMDP) or a pool of eight class II HA peptides (SFERFEIFPKE, HNTNGVTAACSHE, CPKYVRSAKLRM, KLKNSYVNKKGK, NAYVSVVTSNYNRRF, ASMHECNTKCQT, EIAERPKVRDQAG, VLWGIHHPPNSK) were added into cells. Class I ovalbumin (OVA)-specific T cell epitope (OT) peptide (SINFEKL) and class II OT peptide derived from OVA protein were used as negative control. PHA was used as a positive control.
Statistics. Student t test was used to generate all statistical values stated. For statistical designations, *P < 0.05; **P < 0.02; and ***P < 0.001.
